Remote plasma metalorganic chemical vapor deposition (RP-MOCVD) technique, though relatively new, is becoming more and more important in the processing of the 111-V semiconductor materials and, specifically, of indium phosphide. So far different processes have been designed for (a) the cleaning of InP substrates to remove surface native oxide by reduction with H2 plasnla and (b) the InP deposition under PH3 plasma preactivation. This paper deals with InP homoepitaxial growth by trimethylindium (TMI) and plasma preactivated PH3. Optical emission spcctroscopy (OES) measurements evidence the presence of 1' H and pH2 radicals, and of H-atoms in Lhe plasma phase. Mass spectrometry (MS) sampling close to the growth surface reveals the presence of alchylphosphinc ((CH3)2PH, CH3PH2). indium-phosphorus adduct and biphosphine (F2Hq). whose relative amounts depend on the growth conditions. Stoichiometric Id' epilayers having good structure and morphology. and with a very high photolurninescencc intensity are prepared under PH3 plasma preactivation, even at very low VIIII ratio (=20) and reduced temperalure (-550°C).
INTRODUCTION
Conventional MOCVD processes require high deposition temperature, to supply the activation energy for both gas phase and surface reactions, and high hydride (pH3 or AsH3) flux to grow good quality In-V epitaxial layers [I] . Recently, innovative aspects have been introduced in the ITIIV MOCVD technology by using plasmas in remote configuration (RP) [2-41, which assures the absence of radiative damage to epitaxial layers. The plasma, as a secondary source of energy, removes kinetic limitations in the growth mechanism of phosphorus based semiconductors [5] , and offers low temperature [6,7.8] and low VIIII ratio processing [9] , mainly by the pre-cracking of the thermally stable PH3. Plasma processes also offer a valid alternative to the use of the highly toxic PH3, by performing the in situ generation of PH3 through the ablation of red-phosphorus in H2 plasma [lo-121 . Another plasma application of some importance for the 111-V epitaxial growth is the in situ substrate cleaning process [13-141. In fact, the presence of native oxidcs and carbon contaminations can impede the growth of epitaxial layers. These oxides can be removed by in sit~r H2 plasma treatment just before the film growth to yield clean surfaces.
Although there is a great worldwide interest in many research laboratories on the use of plasma source in the MOCVD technologies, there has hcen little rcal progrcss toward the understanding of the plasma chemistry and of what really determines the surface processes. In reality, the difficulty in the investigation of RP-MOCVD processes lies in the large numbers of parameters to examine (pressure, r.f. power, gas flow, temperature) and in the lack of diagnostic techniques available on the MOCVD apparatus. Thus, the design of a new reactor architecture, allowing in situ diagnostics for both the process and the material, is essential. With respect ro this. optical diagnostics such as reflectance difference Spectroscopy (RDS) [IS] and spccrl.oscopic ellipsomctiy (SE) [16] (which arc comp;ltiblc with tliu reactive environment o f MOCVD process) a1.e well adapt to investigate thc sul-face chcm~strics. A i o .
mass spcctronlccly (MS) is a powerful tcchniiluc to invcsli~atc MOCVD procc~scs. cvcn though it has
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JOURNAL D E PHYSIQUE IV been utilized, mainly, for ex situ studies of chemistry [17, 18] and kinetics [I91 of the precursor decomposition.
In this paper, we report on the use of a low pressure RP-MOCVD apparatus, working at 2 ton, to grow InP epilayers from trimethylindium (InMe3) and phosphine (PH3). The PH3 and the carrier gas, H2, are plasma activated, while the organometallic InMe3 is not directly plasma dissociated, but is injected into the plasma downstream flow, where it interacts with plasma produced reactive species, such as pHx (x=0-2) radicals and H-atoms. Process diagnostic data, as obtained by mass spectrometry (MS) and optical emission spectroscopy (OES), are used to highlight the chemistry of the PH3 plasma precracking, also during the InP deposition process. From the InP deposition experiments we derive important informations regarding the growth kinetics and the correlations between chemistry at the growth surface and the material properties and morphology. The InP epilayers are characterized by structural (SEM, X-ray diffraction), and optical (photoluminescence, ellipsometry) techniques.
EXPERIMENTAL
The InP growth experiments were carried out in a home-made RP-MOCVD apparatus in which the plasma quartz tube is assembled on the stainless-steel MOCVD chamber, as schematized in fig.1 . The plasma, fed with H2 or PH3-H2 gas mixtures, is generated by supplying r.f. power (13.56 MHz) to two semicircular external electrodes. Trimethylindium (TMI) is directly injected in the plasma downstream flow through a dispersal ring located in the MOCVD chamber at the end of the plasma tube. The substrate (Fe-doped semi-insulating (100)-oriented InP) is mounted on a resistively-heated molybdenum susceptor whose temperature is controlled by a K-thermocouple. The InP substrates are cleaned in isopropanol and then chemically etched in a H2SO :H202:H20 (8:l:l) solution and 4 immediately introduced into a load-lock chamber evacuated to 10-tom and then transferred into the MOCVD chamber. Some deposition experiments have been performed on InP substrates which are in situ cleaned by operating H2 plasma before the film growth [20] . InP growths are performed, with and without pH3 plasma activation (r.f. power = 20 watt), at the pressure of 2 torr and at the total gas flow rate of 500 sccm. The VnII ratio and the substrate temperature have been changed in the range of 20 -300 and 550°C -650°C, respectively.
The study of the PH? plasma preactivation has been performed by investigating thc effect of r.f. power watt) and of ktal gas flow rate (3-800 sccm).
Optical emission spectroscopy (OMA EG&G-PAR) has been used to monitor the light emitted, in the range 200 -800 nm, from the active excited species present in the plasma phase. A quadrupolar mass spectrometer (VG-SPX-Elite 600) has sampled gases, through a 100 pm orifice, in the boundary layer near the growth surface. Figure 2 shows the profiles of the PH3 decomposition and of its partial conversion to biphosphine, P2H4, and phosphorus, Pq, ohtained by MS sampling, as a function of r.f. power and residence time of the PH3-H2 mixture in the plasma region. In the same figure, in addition to stable phosphorus products, PH radical and H-atom density profiles, as derived by the actinometric approach of the OES measurements 1121, are also reported. The fact that PH radical and H-atom densities increase with r.f. power is related to the parallel increase of the electron density and, hence, to the effectiveness of processes which also govern the PH3 and H2 dissociation and, specifically, of the following reactions:
RESULTS AND DISCUSSION

PH3 plasma preactivation
On the contrary, the residence time dependence, shown in fig. 2b , indicates that pH3 decomposition reaches a plateau value (-20%) owing to the competition between PH3 decomposition and its formation and, hence, to the following partial chemical equilibrium (PCE):
Among all plasma products, PH radicals and H-atoms are particularly important as they can promote the TMI decomposition [3] and the carbon removal from the growing epilayers [4] , through processes:
where the desorption of CH3 radicals is favoured by both H-atoms and pHx radicals, while pHx radicals directly promote the InP deposition (see eq. 8). Thus, the control of PH and H amounts and, hence, of the plasma parameters is determinant for the ongoing surface process. But, the true values of pHx and H densities at the substrate position depend, besides the formation in the plasma phase (eqs. 1-3), on the disappearance processes in the downstream region, where the following recombination processes are effective:
The H atom wall recombination process, (H W % 1/2H2 ) has been found to be uneffective under present experimental conditions [21] . Nevertheless, the estimation of H-atom and pHx radical densities, at the substrate position in the downstream of, respectively, H2 and PH3-H2 plasmas, has been done, for H atoms, on the basis of etching rate measurements of a phosphorus film and, for pHx radicals, through measurements of the phosphorus deposition rate.
InP deposition and material characterization
The effect of PH3 plasma decomposition on the InP growth kinetics has been evaluated, at fixed deposition temperature, through the analysis of the growth rate profile as a function of PH3 molar fraction (XPH~) in the gas feed. The resulting data are included in fig.3 , which illustrates the effect of the plasma preactivation.
From the figure, it comes out that, at high VlIII ratio (150 -300), the growth rate is almost independent on X P H~ and is mainly determinated by TMI partial pressure [22] . Under conditions of very low VIIII ratio (<SO), and without plasma preactivation, non stoichiometric InP epilayers are grown and. correspondently, the growth rate increases. The effect of the plasma is double: on one side, at low V/III ratio, it allows the deposition of stoichiometric InP epilayers; on the other side, at high V/III ratio, it induces an increase in the growth rate [25] . Both these phenomena result from the much higher density of phosphorus active species present at the growth interface under plasma preactivation conditions. T h e presence of different chemical environments near the growth surface, depending on the VnH ratio, substrate temperature and on PH3-H2 plasma activation, has been revealed by MS analysis. MS data for some typical deposition experiments are listed in Tab. I in terms of ion peak intensities of the most significant P-species, normalized to that of the PHj+ peak in thc fccd. It can be observed that under plasma activation condition (# InP8) the unreacted PH3 amount is lower than that measured for conventional deposition (# InP7), i.e. the PH3 decomposition is equal to 70% and 45% with and without plasma, respectively. Also, a slight increase of the PH3 decomposition degree is measured with a temperature increase (see # InP2, InP6). As for P-decomposition products, the formation of biphosphine, PzHq. and phosphorus. P j , increase with both temperature (# InP3, InP6) and pIasma activation (# InP7, InP8). Moreover, the following situations can be distinguished: i) the ion fragment InPH3+ appears only for the experiment # InP2, i.e. at very high VAII ratio (-300). This ion fragment can be related to the presence of Me3InPH3 adduct in gas phase. ii) methylphosphines formation increases with a VDII ratio decrease and, in particular, the dimethylphosphine (P(CH3)2+) is present at very low VDII ratio (# InW). The methylphosphines formation can be correlated to the low availability of H-atoms at the growth surface, so as the CH3 desorption process of equation (6) prevales on that of equation (5). The presence of dialchylphosphine, subtracting active phosphorus from the growing InP surface, causes the growth of non stoichiometric material, as confirmed by SEM-EDS joined measurements (# InW) revealing the presence of metallic indium droplets. On the contrary, when in presence of large amount of H atoms at the growth surface, as in the case of plasma activated process (see # InP8), the dimethylphosphine disappears, the availability of active phosphorus at the growth surface increases, and stoichiometric material is obtained even at low V/JII ratio.
As regards the material characterization, X-ray diffraction (XRD), spectroscopic ellipsorneuy (SE) and photoluminescence measurements have been performed on some typical samples deposited with (#InP8) and without (# InP6) plasma preactivation. Samples produced without plasma and under condition of very low VDII ratio (# InP7) are not interesting as they are not stoichiometric, In-rich epilayers. Figure 4 shows the XRD spectra of #InP6, #InP8 samples and, for a comparison, of the (100) InP substrate. The X-ray diffraction peaks are centered at the same Bragg angle ( O =31.57"), so indicating the epitaxial (100) oriented nature of the deposited InP epilayers. In addition, the narrow half width evidences the high cristallinity of the InP6 film, whereas the broader features, characterizing the XRD peak of the sample #InP8, indicates some structural disorder. In the latter case, the presence of InP microcluster with a slight different lattice constant is supposed. The origin of these microclusters has not been established, but, in the opinion of the present authors, it could be related to the presence of hydrogen in the material bulk. The most important feature is the lower oxide layer thickness (24 1) for the InP8-plasma sample than that for samples deposited under conventional conditions (# InP2, # InP6). The formation kinetics of the native oxide layer can be used to speculate on the effectiveness of H2-PH3 plasma in passivating and stabilizing the InP surface [24] . In addition, the sample (# InP2) deposited at high VIIII ratio (=150) and low temperature (550°C) shows a complex multilayer structure on a disordered InP epilayer film which includes 2% of voids. The goodness of the InP epilayers can also be evaluated by optical properties such as refractive index, n, and absorption coefficient, a, which can be derived by SE measurements. Figure 6 shows the n and a values energy for the same samples of figure 5 and for a clean and well-ordered c-InP sample.
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L~~~1~~'~1~~'~1~4~~1 ' 1 ' a " ' " 1 " ' " " " 1 The higher the epilayer quality, the higher the refractive index and the lower the absorption coefficient. Again, the optical quality of the InP8-plasma epilayer is comparable to that of the best film deposited without plasma (# InP6). Photoluminescence measurements, performed at 2K, have revealed for the InP8-plasma film a PL efficiency five times higher than that of InP6, which is, in turn, fifty times higher than that of the c-InP substrate. The PL efficiency for plasma deposited samples remains higher than that for samples deposited without plasma, even at room temperature.
